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ABSTRACT  
This work presents a combined experimental and theoretical study of dynamic contact angle 
hysteresis using liquid bridges under cyclic compression and stretching between two identical 
plates. Under various loading rates, contact angle hysteresis for three different liquids was 
measured by examination of advancing and receding angles in liquid bridges, and the capillary 
forces were recorded. It is found that, for a given liquid, the hysteretic phenomenon of the contact 
angle is more pronounced at higher loading rates. By unifying the behaviour of the three liquids, 
power-law correlations were proposed to describe the relationship between the dynamic contact 
angle and the capillary number for advancing and receding cases. It is found that the exponents of 
obtained power-law correlations differ from those derived through earlier methods (e.g., capillary 
rise), due to the different kinematics of the triple-line. The various hysteretic loops of capillary 
force in liquid bridges under varied cyclic loading rates were also observed, which can be captured 
quantitatively by the prediction of our developed model incorporating the dynamic contact angle 
hysteresis. These results illustrate the importance of varying triple-line geometries during dynamic 
wetting and dewetting processes, and warrant an improved modelling approach for higher level 
phenomena involving these processes, e.g., multiphase flow in porous media and liquid transfer 
between surfaces with moving contact lines. 
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1. INTRODUCTION 
Wetting and dewetting are fundamental processes in many applications, including inkjet printing1, 
coating2, lubrication3,4, and soil science5,6. These applications usually involve dynamic conditions, 
e.g., drop impingement on substrates7, requiring further consideration of the rate effects among 
multiple phases, i.e., gas, liquid and solid. Dynamic wetting and dewetting processes are 
characterised by the rate and state dependent contact angle formed at the three-phase contact line 
called the triple-line. The interaction of liquid, gas and solid phases at the triple-line that governs 
the contact angle.8–12  
 
When a droplet rests on a substrate, the formed contact angle varies and is limited by an upper 
value, namely, the static advancing contact angle, 𝜃"#$% , and a lower value, namely, the static 
receding contact angle, 𝜃"&'(. This behaviour is induced by surface roughness / heterogeneity13 or 
surface forces acting in the vicinity of a triple line14. When the contact angle is between the two 
limiting values, the triple-line is usually considered to be pinned and the hysteretic behaviour can 
be observed. Beyond the two values, the triple-line tends to move.15,16 Under dynamic conditions, 
the utility of static contact angles to characterize wetting and dewetting is limited. When the triple 
line advances or recedes, velocity-governed dynamic advancing contact angles (𝜃$#$%) or dynamic 
receding contact angles (𝜃$&'( ) will be observed, respectively.15 Given a triple-line velocity, 
dynamic contact angle hysteresis can be found between these two dynamic values. The question 
then arises, how does the triple-line velocity affect dynamic contact angles? 
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Some theoretical works have attempted to explain the dependence of dynamic contact angles on 
triple-line velocities using a hydrodynamic model17,18 or a molecular-kinetic model19,20. In the 
hydrodynamic model, the contact line motion is dominated by the viscous dissipation, which 
provides a simple scaling relationship between the contact line motion and a change in the contact 
angle as17,18 
𝜃$) − 𝜃") ∝ 𝐶𝑎   ,                                                         (1) 
where 𝜃$ is the dynamic contact angle, 𝜃" is the static contact angle. 𝐶𝑎 = 𝑣𝜇/𝛾 is the capillary 
number, where v is the triple-line velocity, 𝜇 is the viscosity of the liquid and 𝛾 is the surface 
tension between air and liquid. However, this assumption neglects the interaction near the contact 
line. In contrast, the molecular-kinetic model considers adsorption and desorption at the interface. 
19,20 The contact line velocity is then related to the dynamic contact angle by 
𝑣 = 2𝑘5𝜆 ∙ sinh <=>((@"ABC(@"AD)FGHI     ,                                       (2) 
where 𝑘J is the Boltzmann constant and 𝑇 is the temperature. 𝑘5 and 𝜆 are two fitting parameters. 
A number of master curves have been developed empirically to describe dynamic angles, all of 
which express cos𝜃" − cos𝜃$ as a function of Ca, summarized as21–24  
(@"ABC(@"AD(@"ABNO = 𝐴 ∙ 𝐶𝑎Q   .                                                      (3) 
The range of correlation constant 𝐴 is between 2 and 4.96 and the range of 𝐵 is between 0.42 and 
0.702.21–24  It is important to note that correlation constants are obtained by fitting of dynamic 
advancing contact angles. That is, these empirical correlations may not be applicable in receding 
cases. 
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Several experimental approaches to the measurement of dynamic contact angles have been 
implemented, including Wilhelmy plate25–27, inclined surface28,29, rotating cylinder30–32 and 
capillary displacement techniques23,33,34. They reported that dynamic contact angles increase with 
increasing triple-line velocities, while dynamic receding contact angles decrease with increasing 
velocities. As with the aforementioned theoretical models, these experimental analyses were based 
on a fixed contact line length.  
 
The kinematics of triple-line under liquid bridge conditions show different characteristics to the 
abovementioned methods for measuring the dynamic contact angle, i.e., even at a constant moving 
velocity, the geometry of triple-line varies. In the context of liquid bridges, Chen et al.35 
investigated contact angle hysteresis during compression and stretching in quasi-static conditions 
between two flat substrates. However, the behaviour of a liquid bridge under dynamic conditions 
(e.g., dynamic contact angle hysteresis) remains unexplored. Pitois et al36 and Bozkurt et al37 
studied capillary forces in liquid bridges between two equally spheres under varied separation 
velocities. But neither the evolution of contact angles nor capillary force hysteresis were 
considered. As the contact angle is an important parameter when the capillary force in a liquid 
bridge is calculated, the quasi-static capillary force hysteresis is a consequence of static contact 
angle hysteresis.38 Under dynamic conditions, correlations between capillary force hysteresis and 
contact angle hysteresis have not yet been reported.  
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To date, few studies have examined dynamic wetting or dewetting processes using a liquid bridge 
with a varying contact line geometry. Here we report experiments where a liquid bridge is 
subjected to various cyclic loading rates between two flat substrates, to investigate the dynamic 
behaviour of contact angle hysteresis and the capillary force hysteresis. By varying the 
displacement velocity, varied wetting and dewetting dynamics can emerge as well as the dynamic 
contact angle hysteresis. We further analyse the triple-line velocity from the experiments and 
present universal correlations for dynamic contact angles under a wide range of Ca values, for 
advancing and receding cases. The proposed correlations of dynamic contact angles can facilitate 
the predication of capillary forces arising from liquid bridges under dynamic conditions and are 
validated by experimentally observed dynamic capillary force hysteresis. 
 
2. EXPERIMENTAL METHOD 
To measure the contact angle hysteresis, the advancing and receding angles in liquid bridges are 
extracted for different types of liquids under various cyclic loading rates, with simultaneous 
measurement of the capillary force. 
                                                           
2.1 Experimental setup 
An advanced goniometer system (Rame-hart Model 200) was mounted on an anti-vibration 
honeycomb platform (HERZAN), including a high-speed camera, an illumination source, an 
analytical balance (A&D HR-250AZ) and a linear stage (Zaber Tech, T-LSM025A), as shown in 
Figure 1. The goniometer was employed to image the contour of the moving meniscus between 
two parallel substrates at 30 frames per second. We placed an analytical balance beneath the 
bottom substrate to record the capillary force with an accuracy of 1 μN. The bottom substrate was 
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placed on the stage mounted on the balance and the top substrate was fixed on the fixture attached 
to the linear stage, which was controlled by a computer at fixed speeds from 0.001 mm/s to 6 mm/s. 
 
Figure 1. Schematic representation of the experimental setup. 
 
2.2 Material properties 
Deionized water, 85% glycerol and 100% glycerol (Sigma-Aldrich) were used as wetting and 
dewetting fluids. 85% glycerol was prepared by mixing water and 100% glycerol. A micro syringe 
with the accuracy of 0.002 ml was applied to precisely control the droplet volume. Water and 
glycerol were chosen because of their similar surface tension, high affinity for each other and 
widely different viscosity. Table 1 lists the physical properties of liquids used in experiments.  
Two identical glass substrates (Sigma-Aldrich Pty Ltd, S4651) were coated with silane to generate 
a hydrophilic surface. Prior to the experiments, they were thoroughly cleaned to ensure there was 
no contamination on the surface. Two glass substrates were firstly rinsed with pure water then with 
isopropyl alcohol. The glass substrates were then dried under vacuum for 2 minutes and 
immediately used to conduct the liquid bridge compression and stretching tests. 
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Table 1: The material and interfacial properties for the liquids used in the experiments. 
 𝝁 (g/cm∙s) ^ 𝜸 (mN/m) ^ 𝝆 (g/𝐜𝐦𝟑) ^ 𝜽𝐬𝐚𝐝𝐯 * 𝜽𝐬𝐫𝐞𝐜 * 
Water 0.01 73 0.998 73° 59.5° 
85% glycerol 1.09 68 1.221 59.5° 48° 
100% glycerol 14.1 63 1.261 52° 51° 
^ The physical properties including viscosity, surface tension and density at 20 oC were obtained 
from literature data.39–41 
* Fitting parameters from the experimental data, see details in the discussion section. 
 
2.3 Experimental procedure 
A droplet was deposited by syringe on the bottom glass substrate, with its volume confirmed by 
mass balance. The upper substrate was then moved toward the droplet to form a liquid bridge 
between the two parallel glass substrates. Several accommodation cycles were carried out prior to 
measurements to ensure the pre-wetting condition and an axisymmetric liquid bridge. Different 
upper substrate velocities were applied in the corresponding cycles. Images and capillary force 
were continuously recorded during the compression and stretching processes. All experiments 
were conducted within the ambient temperature of 20 ± 1 oC and humidity of 50%-60%. 
 
As shown in the insert of Figure 1, the liquid bridge has two contact angles on each surface. Since 
contact angles on the lower surface may be influenced by gravity, only the two contact angles on 
the upper surface were measured and averaged. They were identified using parabolic fitting in a 
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Matlab environment. To accurately measure the capillary force, the top substrate velocity was 
limited to maximum of 0.2 mm/s owing to data acquisition rate limitations. 
 
3. RESULTS AND DISCUSSION 
3.1 Dynamic contact angle hysteresis 
Figure 2 shows a liquid bridge (100% glycerol) in the receding stage under different applied 
velocities. It can be clearly seen that the receding contact angle monotonically decreases with 
increasing velocity, which demonstrates the dynamic effect on contact angles and the feasibility 
of this experimental method. Here, H is the height of liquid bridge; R is the contact radius;	𝐻 is 
the velocity of the upper substrate.  
 
Figure 2. Images of a liquid bridge at the same height (H =2.125 mm) when the top substrate 
separate from the bottom one at (a) 𝐻=0.02 mm/s, 𝜃$&'( =46.62°; (b) 𝐻=0.2 mm/s, 𝜃$&'( =40.23°; 
(c) 𝐻=2 mm/s, 𝜃$&'( =34.75°.  
 
In Figure 3, typical dynamic contact angle hysteresis loops of water, 85% glycerol, and 100% 
glycerol are plotted against R under different 𝐻. Four stages can be identified from the hysteretic 
loops, as indicated in the subfigures. Stage I to IV are the pinned stretching, receding, pinned 
compression and advancing stages, respectively. These hysteretic loops show that the increase of 𝐻 results in a larger 𝜃$#$% but a smaller 𝜃$&'( in compression and stretching processes, respectively. 
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The dynamic contact angle hysteresis, i.e., the difference between 𝜃$#$% and 𝜃$&'(, is greater for 
larger 𝐻. Velocity dependence of contact angles arises from an interplay between two main factors, 
i.e., the capillary force and viscous force.42 The capillary force due to surface tension decreases the 
dynamic contact angle hysteresis and the viscous force due to the viscosity increases the dynamic 
contact angle hysteresis.42 As listed in Table 1, water, 85% and 100% glycerol exhibit similar 
magnitudes of surface tension but the viscosity of 100% glycerol is more than 10 times larger than 
that of 85% glycerol and more than 1000 times the viscosity of water. This explains why the 
dynamic contact angle hysteresis for 100% glycerol is largest for a given 𝐻. These results show 
that the viscous force in this set of experiments greatly affects the dynamic contact angle hysteresis. 
Another observation made from Figure 3 is that the contact radius is not completely fixed in 
pinning stages. This phenomenon is significant in stage III. The small shift represents non-
equilibrium activities occurring at the vicinity of three-phase contact line, e.g., the micro-slip due 
to the presence of a thin film.14 
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Figure 3. Relation between contact radius and contact angle under different displacement 
velocities, 𝐻 for: (a) water; (b) 85% glycerol; (c) 100% glycerol. Four stages can be identified: 
Stage I, pinned stretching; Stage II, the receding stage with the contact angle fluctuating around 𝜃$&'( and a receding contact line; Stage III, pinned compression; Stage IV, the advancing stage with 
the contact angle varying around  𝜃$#$%	and the contact line advancing.  
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In order to develop a theoretical model to describe dynamic contact angles in liquid bridges, we 
consider the triple-line velocities from the variation of the contact radius in the slipping stage. 
Since, fewer data points are obtained with increasing velocity, for accuracy reasons 𝐻 values of 
0.02 mm/s, 0.04 mm/s, 0.1mm/s, 0.2 mm/s, 0.4 mm/s and 0.8 mm/s are selected for this study. 
Note that, for a given 𝐻, the contact line velocity is not necessary equal to 𝐻 and may vary during 
the slipping stages. In the experiments, 𝑣 from 𝐶𝑎 is interpreted as the triple-line velocity, 𝑅. For 
each case, triple-line velocities and their corresponding contact angles at each time step in the 
slipping stage can be obtained.  
 
According to eq. 3, a smooth probability density plot using (𝑐𝑜𝑠𝜃$&'(	 − cos𝜃"&'()/(cos𝜃"&'( + 1) 
and Ca is made in Figure 4a to represent the receding cases for three tested liquids. For the 
advancing cases, a smooth probability density plot between (cos𝜃"#$% − 𝑐𝑜𝑠𝜃$#$%	)/(cos𝜃"#$% + 1) 
and Ca is presented in Figure 4b. The actual probability can be calculated by integrating the 
corresponding probability density from the legend over the area. Based on the distribution 
behaviour seen in Figure 4, power-law relationships can be found for the dynamic advancing and 
receding contact angles in liquid bridges, respectively, via least-square fitting, as  
𝐷O = lmnADopq	C(@"ABopq(@"ABopqNO = 0.19𝐶𝑎5.Ot                                                 (4) 
 𝐷F = (@"ABuDvClmnADuDv	(@"ABuDvNO = 0.52𝐶𝑎5.Ox .                                              (5) 
Here, 𝑅F is 0.75 for the receding cases and 𝑅F is 0.84 for the advancing cases. Note that 𝐷O and 𝐷F  are the dimensionless expressions of dynamic receding and advancing contact angles, 
respectively. Though 𝜃"#$% and 𝜃"&'( for three liquids are obtained by fitting, these two terms are 
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intrinsically and physically measurable, and can be directly obtained for 𝐻  close to zero. It is 
interesting to find that 𝐷O and 𝐷F have similar power exponents through different loading phases. 
  
(a) (b) 
Figure 4. Effect of Ca on dynamic contact angles: (a) 𝜃$	&'( and (b) 𝜃$#$%	 of water, 85% and 100% 
glycerol under varied velocities, with the solid red lines as proposed correlations as a comparison. 
 
For the advancing cases shown in Figure 4b, when the triple-line velocities of water and 85% 
glycerol are high, measured 𝐷F  assumes a value higher than that of the proposed power-law 
relationship. That might be due to the experimental uncertainty in measuring angles on both sides 
of the liquid bridge. When the contact angle for the advancing case approaches 90°, parabolic 
fitting can result in greater measurement errors. In should be noted that pre-existing thin films of 
liquid on the substrates can slightly increase the contact angle. 
 
The newly developed power-law correlations can describe the dynamic contact angle in liquid 
bridges between two parallel plates in a wide capillary number regime (10Cx < 𝐶𝑎 < 10CF ). 
However, these new correlations significantly differ from those derived from earlier techniques, 
in particular the exponent in the power-law relationship. The range of the power-law exponents in 
previous models is between 0.42 and 0.702, while the exponenents obtained here are significantly 
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smaller than the lower limit of this range. In previous techniques to measure dyanmic contact 
angles, namely the capillary rise, the Wihelmy plate and the rotating cyclinder, the contact line 
conducts a one-dimensional motion, i.e., the length of the contact line remains constant. Thus, the 
energy dissipation per unit length can be considered as a constant. However, when a liquid bridge 
is compressed or stretched, the contact line undergoes a radial movement. That is, the length of 
the contact line keeps changing, which results in the modificaiton of the energy dissipation rate 
during the wetting or dewetting processes.  
 
3.2 Capillary force hysteresis 
Within the experiments, the dynamic condition influences the capillary force hysteresis by altering 
the contact angle hysteresis in liquid bridges. The measured total force can be decomposed into 
the capillary force and viscous force as 
					𝐹{ = 𝐹( + 𝐹%                                                                   (6) 
where 𝐹{ is the total force, 𝐹(  is the capillary force, and 𝐹% is the viscous force opposite to the 
movement of the upper substrate43. A positive total force indicates the parallel substrates are 
attracted by the liquid bridge, while repulsion is associated with a negative total force.  
Figure 5 shows the variation of the total-force hysteresis for water, 85% glycerol, and 100% 
glycerol under various cyclic loading rates. It is clear that four stages can be identified in these 
figures, corresponding to these in Figure 3. It is noted that at a given separation 𝐻 , 𝐹{  in the 
stretching process is larger than that in the compression process, which demonstrates the hysteretic 
phenomenon. As the viscous force doesn’t exhibit strong hysteresis, it can be concluded that the 
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observed hysteresis of the total force-height curve is dominantly caused by contact angle 
hysteresis.35,44  
 
Additionally, a maximum value of total force, 𝐹{|#}, can be found during the stretching process 
while a minimum value of total force, 𝐹{|~, can be found during the compression process. Varying 
force hysteretic loops (see Figure 5) were observed under different cyclic loading rates. It is clearly 
seen that the total-force hysteresis becomes more significant with increasing 𝐻, whereby, 𝐹{|#} 
and 𝐹{|~ increase and decrease, respectively. For 𝐻 = 0.2 mm/s, 𝐹{|#} could not be detected due 
to data acquisition limitations. This behaviour is determined by dynamic contact angle hysteresis. 𝐹{|#} can be found when the contact angle transitions to its receding value and 𝐹{|~ can be found 
when its advancing value is attained. Under dynamic conditions, the contact angle is limited by 
the 𝜃$#$%  and  𝜃$&'(  instead of 𝜃"#$%  and 𝜃"&'( , which alters the behaviour of capillary force 
hysteresis.   
 
One interesting observation from the results shown in Figure 5 is that, when 𝐻 is large enough, 𝐹{ 
remains nearly unchanged or even decreases in stage IV. The viscous term 𝐹%  from the liquid 
bridge is proportional to 𝐻45 and 𝐹% acts in opposite direction to 𝐹( in this situation. If the 𝐻 is large 
enough, the increase of 𝐹(  due to the decreasing height is completely countervailed by the 
increasing contribution of 𝐹%. 
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Figure 5. Variation of total-force versus height under different 𝐻	for (a) water; (b) 85% glycerol; 
(c) 100% glycerol. Four stages are observed through the cyclic loading, corresponding to these in 
Figure 3.   
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3.3 Capillary force model with dynamic contact angle hysteresis 
For the purpose of predicting the total force under dynamic conditions, a theoretical model 
incorporating the newly developed correlation of dynamic angles is established. We start with 
predicting capillary force under dynamic conditions. The profile of the liquid bridge is assumed to 
be axisymmetric and is determined by the Young Laplace equation46 
∆> = 2𝐶 = ()(ON())= − O(ON())=.                                            (7) 
Here, ∆𝑝 = 𝑢 − 𝑢  is the capillary pressure, where 𝑢 and 𝑢 are the pressure outside and inside 
the liquid bridge, respectively, 𝐶 is the mean curvature, and 𝑟(𝑧) is the profile of the meniscus. 
For simplicity here, a circular meniscus geometry is assumed,47 and the capillary force is estimated 
at the triple-line point48 
𝐹( = 2π𝑅γsin𝜃 + π𝑅F∆𝑝.                                                    (8) 
Here, 𝜃 is the contact angle and 𝑅 is the contact radius. To predict the capillary force, the shape of 
the liquid bridge (𝑅, 𝜃 and 𝐻) at each time point needs to be computed. The volume of the liquid 
bridge, 𝑉 is (assuming 𝑧 = 0 at the centre of a liquid bridge) 
𝑉 = π 𝑟(𝑧)F		=C= 𝑑𝑧.                                                            (9) 
Considering mass conservation, the total derivative of eq. 9 becomes 
  =  ∗ 𝑅+A ∗ 𝜃+ ∗ 𝐻 = 0.                                          (10) 
In the pinning stage, 𝑅 is fixed so that 𝑅 = 0. Considering 𝐻 is a control parameter, 𝜃 can be 
uniquely determined by substituting eq. 9 into eq. 10. Then, the evolution of 𝑅, 𝜃 and 𝐻 in the 
pinning stage over time can be obtained. In the slipping stage, there is a simple relationship 
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between the triple-line velocity, 𝑅 and 𝜃, which can be obtained from eq. 4 or 5 depending on 
whether the advancing or receding case is considered so that the rate of change of 𝑅  can be 
expressed as a general form 
𝑅 = 𝑔(𝜃).                                                                   (11) 
Combining with eq. 9, 10 and 11, the evolution of 𝑅, 𝜃 and 𝐻 in the slipping stage over time can 
be derived via iterations. Substituting the evaluated parameters, i.e., 𝑅, 𝜃 and 𝐻, into eq. 7 and 8, 𝐹( is btained.  
 
Regarding the prediction of the viscous force, it acts to oppose the motion of upper substrate.43 Its 
expression can be obtained using the Reynolds equation.45 The viscous force can then be derived 
from the area in the centre plane of the meniscus as45 
𝐹% = − )=F ∗ π𝑅F = −𝐻𝑅 )F                                        (12) 
where 𝑅 is the neck radius of the meniscus. Thus, the total force is the sum of the capillary force 
from eq. 8 and the viscous force from eq. 12. It should be noted that the transition point from 
pinning to slipping stages cannot be captured in this model. However, this doesn’t affect the overall 
hysteretic loops of the capillary force and the idea here is to demonstrate the rate effect on the 
slipping stage.  
Figure 6 shows the comparison of the predicted total force against experimental results for 100% 
glycerol (as an example), showing a good quantitative agreement. The droplet volume of 100% 
glycerol was the same as the one in the experiment, 8.2±0.08 µl. The discrepancy between 
predicted and experimental results could be due to the errors from two aspects. Firstly, using the 
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parabolic fitting to identify the contact angle may bring some measurement errors, leading to the 
variation of the obtained power-law relationship (eq. 4 and 5). That explains that the model 
prediction doesn’t perfectly match the experimental in the slipping stage. Secondly, in the model, 
the meniscus is assumed to be circular in shape so that the constant mean curvature is not achieved 
when the capillary pressure is analysed. However, overall agreement has been achieved, and it can 
be stated that this model captures quite accurately force hysteresis and rate effects on liquid bridge 
forces.  
 
The results presented here facilitate an improved understanding of wet adhesion under dynamic 
effects. For a system including a single liquid bridge being stretched and compressed, the 
maximum adhesion, 𝐹{|#}, is determined by 𝜃$&'(, and the minimum adhesion, 𝐹{|~, is associated 
with 𝜃$#$%, depending on the applied loading rate. Additionally, the new correlations of dynamic 
contact angles can be adopted into the realm of unsaturated soils. The movement speed of a 
meniscus at the microscopic scale controls the contact angle that can greatly affect the soil water 
retention curves in unsaturated soils49. 
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Figure 6. Comparison of experimental results with the model predication for 100% glycerol at (a): 𝐻=0.02 mm/s; (b): 𝐻=0.08 mm/s; (c): 𝐻=0.2 mm/s. 
 
4. CONCLUSION 
This work presents the first experimental and theoretical study of dynamic contact angle hysteresis 
in liquid bridges. Liquid bridge stretching and compression experiments were carried out to 
investigate the dynamic effect on contact angle hysteresis. Varied cyclic loading rates generate 
different hysteretic loops of dynamic contact angles. It is found that 𝜃$#$%  increases and 𝜃$&'( 
decreases, with an increase in bridge displacement velocity, 𝐻. Based on the variation of 𝜃$#$% and 𝜃$&'(  under various cyclic loading rates, new correlations have been proposed to quantitatively 
describe the dynamic contact angle for advancing and receding cases, respectively. Different from 
the existing techniques to study the dynamic contact angle, an important new aspect of this work 
is the inclusion of radial contact line movement. 
 
Importantly, the dynamic contact angle hysteresis is found to have a significant effect on hysteretic 
capillary forces arising from the liquid bridge. A physical model incorporating the new correlations 
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of dynamic contact angles has been established to predict the capillary force in liquid bridges. The 
model predictions of capillary force under dynamic conditions quantitatively reproduce the 
observed behaviour of liquid bridges. The presented experimental data, correlations and a physical 
model can be used to predict the dynamic behaviour of liquid bridges, relevant to a range of 
industrial applications. These results illustrate the importance of varying triple-line geometries 
during dynamic wetting and dewetting, and warrant an improved modelling approach for these 
processes. To quantitatively establish the correlation to the varying triple-line, further controlled 
experiments can be conducted in the future, such as the capillary rise in  conical shaped tubes.  
 
AUTHOR INFORMATION 
Corresponding Author 
*Tel: +61 2 9351 3721. Email: yixiang.gan@sydney.edu.au. 
Notes 
The authors declare no competing financial interest.  
ACKNOWLEDGEMENTS 
The authors are grateful for the financial support from Australian Research Council (Projects 
DE130101639 and DP170102886) and The University of Sydney SOAR Fellowship. 
 
 
 
22 
 
 
REFERENCES 
(1)  de  Gans, B.-J.; Duineveld, P. C.; Schubert, U. S. Inkjet Printing of Polymers: State of the 
Art and Future Developments. Adv. Mater. 2004, 16 (3), 203–213. 
(2)  Introzzi, L.; Fuentes-Alventosa, J. M.; Cozzolino, C. A.; Trabattoni, S.; Tavazzi, S.; 
Bianchi, C. L.; Schiraldi, A.; Piergiovanni, L.; Farris, S. “Wetting Enhancer” Pullulan 
Coating for Antifog Packaging Applications. ACS Appl. Mater. Interfaces 2012, 4 (7), 
3692–3700. 
(3)  Pawlak, Z.; Petelska, A. D.; Urbaniak, W.; Yusuf, K. Q.; Oloyede, A. Relationship 
Between Wettability and Lubrication Characteristics of the Surfaces of Contacting 
Phospholipid-Based Membranes. Cell Biochem. Biophys. 2013, 65 (3), 335–345. 
(4)  Kalin, M.; Polajnar, M. The Effect of Wetting and Surface Energy on the Friction and Slip 
in Oil-Lubricated Contacts. Tribol. Lett. 2013, 52 (2), 185–194. 
(5)  Rao, S. M. Wetting and Drying, Effect on Soil Physical Properties BT  - Encyclopedia of 
Agrophysics; Gliński, J., Horabik, J., Lipiec, J., Eds.; Springer Netherlands: Dordrecht, 
2011; pp 992–996. 
(6)  Kholodov, V. A.; Yaroslavtseva, N. V; Yashin, M. A.; Frid, A. S.; Lazarev, V. I.; Tyugai, 
Z. N.; Milanovskiy, E. Y. Contact Angles of Wetting and Water Stability of Soil 
Structure. Eurasian Soil Sci. 2015, 48 (6), 600–607. 
(7)  Yonemoto, Y.; Kunugi, T. Analytical Consideration of Liquid Droplet Impingement on 
Solid Surfaces. Sci. Rep. 2017, 7 (1), 2362. 
(8)  Gao, L.; McCarthy, T. J. How Wenzel and Cassie Were Wrong. Langmuir 2007, 23 (7), 
3762–3765. 
(9)  Gao, L.; McCarthy, T. J. An Attempt to Correct the Faulty Intuition Perpetuated by the 
Wenzel and Cassie “laws.” Langmuir 2009, 25 (13), 7249–7255. 
(10)  Extrand, C. W. Contact Angles and Hysteresis on Surfaces with Chemically 
Heterogeneous Islands. Langmuir 2003, 19 (9), 3793–3796. 
(11)  Extrand, C. W.; Moon, S. I. Which Controls Wetting? Contact Line versus Interfacial 
Area: Simple Experiments on Capillary Rise. Langmuir 2012, 28 (44), 15629–15633. 
(12)  Gao, L.; McCarthy, T. J. Wetting 101°. Langmuir 2009, 25 (24), 14105–14115. 
(13)  Joanny, J. F.; de Gennes, P. G. A Model for Contact Angle Hysteresis. J. Chem. Phys. 
1984, 81 (1), 552–562. 
(14)  Kuchin, I. V; Starov, V. M. Hysteresis of the Contact Angle of a Meniscus Inside a 
Capillary with Smooth, Homogeneous Solid Walls. Langmuir 2016, 32 (21), 5333–5340. 
(15)  Eral, H. B.; ’t Mannetje, D. J. C. M.; Oh, J. M. Contact Angle Hysteresis: A Review of 
23 
 
Fundamentals and Applications. Colloid Polym. Sci. 2013, 291 (2), 247–260. 
(16)  Pierce, E.; Carmona, F. J.; Amirfazli, A. Understanding of Sliding and Contact Angle 
Results in Tilted Plate Experiments. Colloids Surfaces A Physicochem. Eng. Asp. 2008, 
323 (1), 73–82. 
(17)  Cox, R. G. The Dynamics of the Spreading of Liquids on a Solid Surface. Part 1. Viscous 
Flow. J. Fluid Mech. 1986, 168 (1986), 169–194. 
(18)  Voinov, O. V. Hydrodynamics of Wetting. Fluid Dyn. 1976, 11 (5), 714–721. 
(19)  Blake, T. D.; Haynes, J. M. Kinetics of Liquid/liquid Displacement. J. Colloid Interface 
Sci. 1969, 30 (3), 421–423. 
(20)  Blake, T. D. The Physics of Moving Wetting Lines. J. Colloid Interface Sci. 2006, 299 
(1), 1–13. 
(21)  Jiang, T.-S.; Soo-Gun, O. .; Slattery, J. C. Correlation for Dynamic Contact Angle. J. 
Colloid Interface Sci. 1979, 69 (1), 74–77. 
(22)  Seebergh, J. E.; Berg, J. C. Dynamic Wetting in the Low Capillary Number Regime. 
Chem. Eng. Sci. 1992, 47 (17–18), 4455–4464. 
(23)  Li, X.; Fan, X.; Askounis, A.; Wu, K.; Sefiane, K.; Koutsos, V. An Experimental Study on 
Dynamic Pore Wettability. Chem. Eng. Sci. 2013, 104, 988–997. 
(24)  Bracke, M.; De Voeght, F.; Joos, P. The Kinetics of Wetting: The Dynamic Contact Angle 
BT  - Trends in Colloid and Interface Science III; Bothorel, P., Dufourc, E. J., Eds.; 
Steinkopff: Darmstadt, 1989; pp 142–149. 
(25)  Keller, A. A.; Broje, V.; Setty, K. Effect of Advancing Velocity and Fluid Viscosity on 
the Dynamic Contact Angle of Petroleum Hydrocarbons. J. Pet. Sci. Eng. 2007, 58 (1–2), 
201–206. 
(26)  Kim, J.-H.; Rothstein, J. P. Dynamic Contact Angle Measurements of Viscoelastic Fluids. 
J. Nonnewton. Fluid Mech. 2015, 225 (Supplement C), 54–61. 
(27)  Kim, J.-H.; Kavehpour, H. P.; Rothstein, J. P. Dynamic Contact Angle Measurements on 
Superhydrophobic Surfaces. Phys. Fluids 2015, 27 (3), 32107. 
(28)  Šikalo, Š.; Tropea, C.; Ganić, E. N. Dynamic Wetting Angle of a Spreading Droplet. Exp. 
Therm. Fluid Sci. 2005, 29 (7), 795–802. 
(29)  Le Grand, N.; Daerr, A.; Limat, L. Shape and Motion of Drops Sliding down an Inclined 
Plane. J. Fluid Mech. 2005, 541, 293–315. 
(30)  Ablett, R. An Investigation of the Angle of Contact between Paraffin Wax and Water. 
Philos. Mag. Ser. 6 1923, 46 (272), 244–256. 
(31)  Fell, D.; Auernhammer, G.; Bonaccurso, E.; Liu, C.; Sokuler, R.; Butt, H.-J. Influence of 
Surfactant Concentration and Background Salt on Forced Dynamic Wetting and 
Dewetting. Langmuir 2011, 27 (6), 2112–2117. 
24 
 
(32)  Henrich, F.; Fell, D.; Truszkowska, D.; Weirich, M.; Anyfantakis, M.; Nguyen, T.-H.; 
Wagner, M.; Auernhammer, G. K.; Butt, H.-J. Influence of Surfactants in Forced Dynamic 
Dewetting. Soft Matter 2016, 12 (37), 7782–7791. 
(33)  Hoffman, R. L. A Study of the Advancing Interface I . Interface Shape in Liquid-Gas 
Systems. J. Colloid Interface Sci. 1975, 50 (2), 228–241. 
(34)  Heshmati, M.; Piri, M. Experimental Investigation of Dynamic Contact Angle and 
Capillary Rise in Tubes with Circular and Noncircular Cross Sections. Langmuir 2014, 30 
(47), 14151–14162. 
(35)  Chen, H.; Amirfazli, A.; Tang, T. Modeling Liquid Bridge between Surfaces with Contact 
Angle Hysteresis. Langmuir 2013, 29 (10), 3310–3319. 
(36)  Pitois, O.; Moucheront, P.; Chateau, X. Liquid Bridge between Two Moving Spheres: An 
Experimental Study of Viscosity Effects. J. Colloid Interface Sci. 2000, 231 (1), 26–31. 
(37)  Bozkurt, M. G.; Fratta, D.; Likos, W. J. Capillary Forces between Equally Sized Moving 
Glass-Beads  : An Experimental Study. Can. Geotech. J. 2017, 54 (9), 1300–1309. 
(38)  Willett, C. D.; Adams, M. J.; Johnson, S. A.; Seville, J. P. K. Effects of Wetting 
Hysteresis on Pendular Liquid Bridges between Rigid Spheres. Powder Technol. 2003, 
130 (1–3), 63–69. 
(39)  Segur, J. Physical Properties of Glycerol and Its Solutions. Aciscience.Org 1953, 1–27. 
(40)  Vadillo, D. C.; Soucemarianadin, A.; Delattre, C.; Roux, D. C. D. Dynamic Contact Angle 
Effects onto the Maximum Drop Impact Spreading on Solid Surfaces. Phys. Fluids 2009, 
21 (12), 1–8. 
(41)  Sharp, K. A. Water: Structure and Properties. In eLS; John Wiley & Sons, Ltd, 2001. 
(42)  Friedman, S. P. Dynamic Contact Angle Explanation of Flow Rate-Dependent Saturation-
Pressure Relationships during Transient Liquid Flow in Unsaturated Porous Media. J. 
Adhes. Sci. Technol. 1999, 13 (12), 1495–1518. 
(43)  Ennis, B. J.; Li, J.; Gabriel I., T.; Robert, P. The Influence of Viscosity on the Strength of 
an Axially Strained Pendular Liquid Bridge. Chem. Eng. Sci. 1990, 45 (10), 3071–3088. 
(44)  De Souza, E. J.; Gao, L.; McCarthy, T. J.; Arzt, E.; Crosby, A. J. Effect of Contact Angle 
Hysteresis on the Measurement of Capillary Forces. Langmuir 2008, 24 (4), 1391–1396. 
(45)  Bhushan, B. Adhesion. In Introduction to Tribology; John Wiley & Sons, Ltd, 2013; pp 
157–198. 
(46)  de Gennes, P.-G.; Brochard-Wyart, F.; Quéré, D. Capillarity: Deformable Interfaces BT - 
Capillarity and Wetting Phenomena: Drops, Bubbles, Pearls, Waves; de Gennes, P.-G., 
Brochard-Wyart, F., Quéré, D., Eds.; Springer New York: New York, NY, 2004; pp 1–31. 
(47)  Lambert, P.; Valsamis, J.-B. Axial Capillary Forces BT  - Surface Tension in 
Microsystems: Engineering Below the Capillary Length; Lambert, P., Ed.; Springer Berlin 
Heidelberg: Berlin, Heidelberg, 2013; pp 19–44. 
25 
 
(48)  Fisher, R. A. On the Capillary Forces in an Ideal Soil; Correction of Formulae given by 
W. B. Haines. J. Agric. Sci. 1926, 16 (3), 492–505. 
(49)  Liu, Z.; Yu, X.; Wan, L. Influence of Contact Angle on Soil–Water Characteristic Curve 
with Modified Capillary Rise Method. Transp. Res. Rec. J. Transp. Res. Board 2013, 
2349, 32–40. 
 
 
